Introduction
Acrylamide-based photopolymer is under continuous study because of its possible practical applications, such as holographic interferometry, holographic optical elements, holographic data storage and holographic sensors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This material has received much attention due to its wide dynamic range, high sensitivity, low scattering, self-processing nature and relatively low cost. Acrylamide-based photopolymer most commonly consists of monomers acrylamide and N, N ' -methylenebisacrylamide, photosensitizer, photoinitiator triethanolamine and the binder polyvinylalcohol. However, due to the highly hygroscopic nature of the polyvinylalcohol binder and the polyacrylamide produced during the recording of the hologram, the sensitivity of this photopolymer film to humidity can be significant. It has often been observed that in certain environmental conditions the diffraction efficiency, Bragg angle of recorded gratings, and even the layer surface can be affected by moisture or humidity. Often, the effects are fully reversible and the hologram regains its original properties when the humidity returns to normal, as described below. However, in some circumstances high humidity has been observed to cause irreversible changes to the recorded hologram, even in transmission gratings. Research is needed to fully characterise the response of transmission gratings to humidity changes and to better understand the nature of the irreversible changes that sometimes occur. This knowledge could allow development of irreversible humidity indicators to provide warning of high humidity exposure, and may also help in the development of more stable photopolymer materials for applications where an environmentally stable hologram is essential, such as holographic data storage or holographic optical elements. Thus, in order to achieve the full potential of acrylamide-based photopolymer, it is required to understand its behaviour at different levels of relative humidity (RH) and know the moisture stability limit.
The poor stability of some acrylamide-based photopolymer films with triethanolamine as an electron donor has been reported recently (RH = 80 % and T = 25 0 C) [11] . To decrease the sensitivity to humidity the authors proposed N-phenylglycine as an initiator. In [8] the humidity response of a volume reflection hologram recorded in an acrylamide-based photopolymer has been investigated and used to develop a visual indicator of environmental humidity in the humidity range of 5 -80 %. The reflection hologram changes its colour when exposed to different levels of humidity due to the changed fringe spacing as the medium gains or loses moisture. This change in the fringe spacing is fully reversible. Later, responses of a volume reflection hologram to humidity (10 -80 %) and temperature (15 -50 0 C) were studied in more detail [12] . In that case the humidity sensitivity of reflection gratings recorded in an acrylamide-based photopolymer was investigated at RH < 80 % and only reversible change of holographic grating properties were observed. Research into the effects of humidity on transmission gratings is very limited and has been carried out only at RH = 60 % [13] . It has been shown that after exposure to humidity of 60 % the diffraction efficiency of transmission grating reaches its initial value measured at low humidity of 20 %.
In this paper we analyse the behaviour of diffraction efficiency, thickness, refractive index modulation and Bragg angle of the volume transmission gratings recorded in acrylamide-based photopolymer layers under humidity exposure at different temperatures. Specifically we aim to discuss the irreversible changes of the properties of transmission gratings caused by exposure to high humidity (RH ≥ 80 %) and the role of temperature on these changes.
Theory
In order to record a volume phase holographic grating, coherent light from the laser is split to form an object beam and a reference beam. A transmission volume phase grating can be produced when the photosensitive medium is placed in the region of overlap of these two beams which reach the photosensitive medium from the same side. The interference pattern induced by two light waves is recorded as a spatial modulation of the refractive index of the photosensitive medium. Volume phase grating regime corresponds to Q >> 1, which is defined by the relation [14] :
where λ is the wavelength of the recoding light, d is the thickness of the grating, n is the average refractive index of the medium, Λ is the fringe spacing.
In this study, transmission gratings with spatial frequency of approximately 1000 lines/mm have been recorded in the photosensitive layers with the thickness of 80 ± 5 µm. These parameters correspond to a Q factor of about 200 and, thus, allow us to apply the coupled wave theory [15] for the calculation of the refractive index modulation (∆n). According to the coupled wave theory, ∆n is determined by:
where λ is the wavelength of the reconstructing beam, θ B is the Bragg angle inside the photopolymer layer at this wavelength, η is diffraction efficiency of the recorded grating. θ B is related to the external
) by Snell's law:
θ B ' is given by Bragg's law:
where λ and Λ are defined as in eq.(1).
Experimental
A self-processing acrylamide-based photopolymer developed at the Centre for Industrial and Engineering Optics, Dublin Institute of Technology [16] [17] [18] was used as a holographic recording material. The photosensitive solution optimized for recording in transmission mode consisted of two monomers -0.6 g acrylamide and 0.2 g N, N ' -methylene bisacrylamide, 2 ml triethanolamine, 17.5 ml of 10 % w/v polyvinylalcohol stock solution and 4 ml of 0.11 % w/v of Methylene Blue stock solution. The photosensitive solution (1 ml) was deposited on the levelled glass slide (26 × 76 mm 2 ) and dried for 24 hours in a dark room at ambient conditions (T = 21 ± 2 0 C and RH = 30 -40 %).
The transmission volume phase gratings were recorded using a standard two-beam setup (figure 1). The photopolymer layers were exposed to two 633 nm beams obtained by splitting He-Ne laser beam. The total recording intensity was 5 mW/cm 2 and the recording time was 10 sec. Immediately after the recording the gratings were bleached under UV light for 60 min in order to polymerise all residual monomers. After bleaching, the absorption of the photopolymer layer at 633 nm was negligible, so 633 nm beam from He-Ne laser was employed as a probe beam for the Bragg selectivity curve measurements. To measure the Bragg selectivity curve, the sample was mounted on a rotation stage which was computer controlled via a motion controller (model Newport ESP300 with angular resolution of 0.1 0 ). The Bragg selectivity curve measurement was performed by monitoring the firstorder diffracted beam intensity using an optical power meter (Newport Model 840) while the sample was rotated. The diffraction efficiency was defined as the ratio of the diffracted intensity and the intensity of the incident beam. LabVIEW software was used to plot the data in real time. The thickness of the dry layers was measured with a white light interferometric surface profiler MicroXAM S/N 8038. A controlled environment chamber with humidity and temperature control system (Electro-tech system, model 5503-11) was utilised to obtain different environmental conditions. The chamber was able to maintain the RH and temperature with accuracy of ±1 % and ±1 0 C, respectively.
The Bragg selectivity curve and thickness measurements had been carried out before and after humidity exposure. After humidity exposure, all the samples had been dried for 24 hours at ambient conditions (T = 18 ± 2 0 C and RH = 30 -40 %). The diffraction efficiency of the grating was estimated from the maximum of Bragg selectivity curve. The diffraction efficiency and the thickness, measured before and after humidity exposure, were assigned as η(0), d(0) and η(RH), d(RH), respectively.
Results and Discussion

Diffraction efficiency change due to variation of relative humidity
In order to characterise the influence of relative humidity on the diffraction efficiency, the gratings were placed in the humidity chamber and the diffraction efficiency was measured. For ease of comparison, normalized diffraction efficiency was used. The normalised diffraction efficiency was defined as the ratio of the diffraction efficiency at the current relative humidity to the diffraction efficiency at the start of the experiment, measured at relative humidity of 20 %. To minimize the inaccuracy caused by beam scattering due to water condensation on the photopolymer layer surface, intensities of transmitted (I 0 ) and first-order diffracted (I 1 ) beams were monitored. The readings were taken after 30 min of humidity exposure to allow the samples to equilibrate with the surrounding conditions and the diffraction efficiency in this particular experiment was defined as I 1 /(I 1 +I 0 ). Figure  2 shows the dependence of normalized diffraction efficiency on relative humidity during humidity exposure at different temperatures.
As can be seen from figure 2, at 20 % ≤ RH ≤ 70 % the change in diffraction efficiency during humidity exposure does not depend on the temperature and follows the same trend for all three temperatures. However at RH = 80 % and 90 % the normalized diffraction efficiency is different for different temperatures. As the temperature increases, the normalized diffraction efficiency drops further at the higher humidity.
It can also be observed in Fig.2 that for all three temperatures the normalised diffraction efficiency slightly increases in the relative humidity range 20 -60%. This is most probably due to swelling of the photopolymer layer as a result of absorption of moisture from the environment. The swelling is initially only in direction perpendicular to the glass substrate, as the good adhesion of the photopolymer layer to the glass substrate prevents dimensional change in direction along the surface. Thus effectively the thickness of the hologram is increased and the diffraction efficiency increases as well. Similar swelling/shrinkage occurring only in the vertical direction was previously observed in reflection [8, 12] .
In addition it has been previously shown [8, 12] , that the changes in diffraction efficiency of reflection gratings, recorded in acrylamide-based photopolymer layers, after exposure to RH ≤ 80 % are reversible. Since we aim to investigate irreversible changes, we focused our attention on high humidity (RH = 80 % and 90 %). 
Diffraction efficiency change after exposure to RH = 80 % and 90 %
To investigate the reversibility of the diffraction efficiency changes observed during the exposure to high humidity, samples were exposed to high humidity at different temperatures for 60 min and left to recover at ambient conditions for 24 hours (T = 18 ± 2 0 C and RH = 30 -40 %). Normalized diffraction efficiency, calculated as the ratio of diffraction efficiency after humidity exposure η(RH) to diffraction efficiency at the start of the experiment (before humidity exposure) figure 3. We can conclude from the graph that exposure to high humidity results in of the irreversible decrease also depends on temperature during humidity exposure and T = 21 ± 1 0 C and RH = 90 %. Figure 3 . Normalized diffraction efficiency after exposure to high humidity: RH = 80 % (
Diffraction efficiency change after exposure to RH
In this section we investigate the effect of the duration of the humidity exposure on the observed change in diffraction efficiency. The time for which the grating has been exposed significant effect on the diffraction efficiency diffraction efficiency measured after exposure to high humidity for a set period of time different temperatures: 8 ± 1 0 C, 16 ± 1 for the specified amount of time and the measurements was taken. At T observed for samples exposed to up to 2 hours at high humidity normalized diffraction efficiency significantly almost constant. Fitting the experimental curves found to equal to 31 min, 22 min and 18 min at Hence, the time constant is shorter, can conclude that the magnitude of humidity exposure time and temperature during humidity exposure 
after exposure to RH = 90%: dependence on time of exposure
In this section we investigate the effect of the duration of the humidity exposure on the observed change in diffraction efficiency. The time for which the grating has been exposed is found to diffraction efficiency after exposure. Figure 4 shows the measured after exposure to high humidity for a set period of time C, 16 ± 1 0 C and 21 ± 1 0 C. These samples were exposed to amount of time and then were returned to normal humidity (RH = 30
At T = 8 ± 1 0 C a few percent reduction in diffraction efficiency samples exposed to up to 2 hours at high humidity. At T = 16 ± 1 0 C and 21 diffraction efficiency significantly declines during the first 40 min of exposure and then is the experimental curves by single exponential decay, time constant min and 18 min at 8 ± 1 0 C, 16 ± 1 0 C and 21 ± 1 0 C i.e. the process is faster, at higher temperature. From this result we magnitude of the irreversible decrease of diffraction efficiency depends on temperature during humidity exposure. In this section we investigate the effect of the duration of the humidity exposure on the observed is found to have a he normalized measured after exposure to high humidity for a set period of time at three exposed to RH = 90 % -40 %) before in diffraction efficiency is C and 21 ± 1 0 C during the first 40 min of exposure and then is time constants were C, respectively. From this result we irreversible decrease of diffraction efficiency depends on both 
Diffraction efficiency change after exposure to RH = 90 %: dependence on temperature
The temperature dependence of irreversible decrease of diffraction efficiency after exposure to RH = 90 % has been investigated in more detail. The results are presented in figure 5 . It can be seen that changes in normalized diffraction efficiency induced by exposure to RH = 90 % are fully reversible, when the temperature during the humidity exposure is kept below 9 0 C. At 9 < T < 16 0 C decrease of normalized diffraction efficiency is about few percents. In case the temperature exceeds 16 0 C the changes become irreversible. Moreover, exposure to RH = 90 % at higher temperature leads to a larger drop in normalized diffraction efficiency. These results suggest that it might be that the structure changes in the holographic grating under the combined influence of high humidity and elevated temperature. It is well known that the freezing/melting temperature range of one of the ingredients of the photopolymer -triethanolamine is in the range of 17.9 -21 0 C [19] . Below this temperature range the created photonic structure is likely to be more stable and, consequently, the diffraction efficiency changes are reversible. 
Change in grating thickness, Bragg angle and refractive index modulation 4.5.1. Change in grating thickness
According to the coupled wave theory [15] , the change in diffraction efficiency implies a change in thickness and/or refractive index modulation in the recorded gratings. To better understand the processes behind the observed diffraction efficiency decrease, the change in thickness after exposure to RH = 90 % for different amount of time has been measured ( figure 6 ). The graph shows normalized thickness as a function of time of exposure to high humidity. Normalized thickness was calculated as d (RH)/d(0), where d(RH) is the thickness after and d(0) is the thickness before exposure to high humidity. It can be observed that irreversible decrease in thickness indeed takes place and is larger when the temperature is higher. It has also been visually observed that there is lateral dimensional change of the photopolymer layer as illustrated in figure 7 . The thickness decrease and lateral stretch observed can be explained as follows: upon exposure to humidity the layer swells in all directions increasing the thickness and both lateral dimensions. Because the layer is typically centimetres long in the two lateral dimensions and only around 100 microns in the thickness dimension, the effect is much more noticeable in the layer width and length, which are seen to visibly increase and overhang the edge of the substrate by a few millimetres. In moderate humidity and/or lower temperatures the layer will recover its original dimensions fully when returned to the original conditions, but above certain temperatures and humidity levels, the layer is stretched beyond its capacity to recover and collapses to a lower thickness while remaining 'stretched' in the lateral dimensions.
Because of this lateral stretch the fringe spacing also changes irreversibly and Bragg's law (4) predicts a change in the Bragg angle. Experimentally this can be observed as a shift in the Bragg angular selectivity curve.
The Bragg angular selectivity curves were measured before and after exposure to high humidity for each transmission holographic grating. Figure 8 Illustrates the Bragg selectivity curve of a typical volume transmission grating measured before and after exposure to RH = 90 % at T=16 ± 1 0 C for 60 min. By measuring the change in thickness it is possible to predict the change in the fringe spacing and thus calculate the expected Bragg angle shift using formula (4) . The experimentally observed shift in Bragg angle is in a good agreement with Bragg angle shift calculated by (4) taking into account the change in thickness of the grating after humidity exposure as discussed below. The experimentally observed shift in Bragg angle confirms the irreversible change in fringe spacing of the transmission grating due to irreversible layer expansion in horizontal direction caused by exposure to high humidity. This irreversible expansion is most probably due stretching of the layer beyond the point of elastic deformation. As the photopolymer is a viscoelastic material, the irreversible layer expansion can be explained by decreasing layer viscosity due to water absorption and, hence, by decreasing its elasticity. The shift in Bragg angle has been analysed for different exposure time at different temperatures (figure 9). It is clearly seen that the magnitude of Bragg angle shift (figure 9) follows the same trend as the thickness change (figure 6). At T = 8 ± 1 0 C unchanged thickness is accompanied by a zero shift in Bragg angle. At higher temperatures shift in Bragg angle is bigger because of the bigger layer expansion. It is worth emphasizing again that the expected Bragg selectivity curve shift due to thickness change is in a good agreement with the measured value. So, for example, after exposure to 90 % of RH for 100 min, the observed and calculated from the change in layer's dimensions shifts in Bragg angle for the three different temperatures are shown in Small discrepancy between observed and calculated shift in Bragg angle at 21 ± 1 0 C can be caused by thickness measurement error.
Shift in Bragg selectivity curve
Refractive index modulation
It is important to understand whether other irreversible changes take place in the grating in addition to the dimensional deformation of the photopolymer layer. Such changes could be mass transport between the areas illuminated by dark and bright fringes during the exposure to high humidity. Since the density and the refractive index of the photopolymer is higher in the bright fringe areas, the decrease in the diffraction efficiency due to exposure to high humidity could be caused by effective decrease of the refractive index in the bright areas and/or effective increase of the refractive index in the dark fringe areas. A mass transport from bright to dark fringe areas could be the process causing Humidity exposure time (min) the changes described above. Another explanation could be the different porosity of the grating's fringes (created during exposure to the bright and dark fringes of the recording interference pattern) and their different ability to retain water.
Using the thickness data and taking into account the shift in Bragg angle, we have estimated the refractive index modulation by formula (2) . It has been found that the diffraction efficiency drop cannot be explained only by the thickness change and shift in Bragg angle. A small change in the refractive index modulation has also occurred.
Normalized refractive index modulation, defined as the ratio of ∆n(RH) -refractive index modulation after exposure to humidity and ∆n(0) -refractive index modulation before humidity exposure, is used to analyse the change in refractive index modulation. As can be seen from figure 10, there is no change in normalized refractive index modulation caused by exposure to RH = 90 % at T = 8 ± 1 0 C. This result is in a good agreement with unchanged normalized diffraction efficiency (figure 4). Exposure to high humidity at T = 16 ± 1 0 C and 21 ± 1 0 C results in decrease of refractive index modulation and, consequently, normalized diffraction efficiency is also reduced (figure 4).
Conclusions
Investigation of the volume transmission grating properties after exposure to high humidity has been carried out. Both diffraction efficiency and Bragg selectivity are observed to change irreversibly at higher temperature, and full reversibility was confirmed for lower temperatures. It has also been established that the shift in Bragg selectivity curve can be explained by the irreversible dimensional change in layers. Irreversible changes in diffraction efficiency, however, are caused by this change in thickness and a change in the refractive index modulation implying some diffusion processes occur more freely as the layer takes on moisture. The magnitude of the irreversible change highly depends on humidity level, temperature during the humidity exposure and on humidity exposure time. If the gratings are kept below 9 0 C, the changes in diffraction efficiency are fully reversible.
This sensitivity of transmission gratings, recorded in acrylamide-based photopolymer layers, to high humidity (RH ≥ 80 %) can be utilized for the development of irreversible humidity holographic sensors, but also can limit the application of this material when non-sensitive to the environment material is needed. The fuller understanding of the processes involved limits past which irreversible change occurs and quantification of those changes helps in the design of sensors and also in the development of new version of acrylamide based photopolymer which is less sensitive to humidity. Further work in this direction will be published shortly.
